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1.  INTRODUCTION

"A workshop on Natural Charging of Large Space Structures in
Near Earth Polar Orbits, sponsored by the Air Force Geophysics
Laboratory and Boston College, was held on 14 and 15
September, 1982, at AFGL. Many of the specialists in the area of
spacecraft charging problems assembled to discuss the necessity
and/or possibility of developing realistic, effective codes
describing the interaction of low-earth orbiting systems with the
environment. ... There are considerable differences of opinion
among specialists in this area concerning the nature and
magnitude of the problems and the feasibility of developing
realistic mcdels or codes to deal with them." 1

The POLAR code was started amidst controversy. At the workshop, questions
were raised about winether large objects would charge in polar orbit and
whether it was possible to model the reievant physics. Others expressed
concerns about how resultant computer models could be validated. The polar
orbit charging question was answered and observed by Geophysics Laboratory
(GL) instruments mounted on DMSP spacecratt.

The POLAR code was written to model charging by large spacecraft in low,
polar orbit. This report documents comparisons of POLAR code calculations
with flight experiments. Calculations of the plasma wake behind the Shuttle
Orbiter are compared with in the situ measurements of Murphy et al. [1989].
Calculations of the charging of DMSP-7, performed by Dr. David Cooke of the
GL, are compared with the flight measurements of Gussenhoven et al. [1985].
Calculations of current and potential on the SPEAR | rocket are compared with
the flight measurements. Calculation of electron collection by the CHARGE I
mother rocket payload are compared with the flight observations of Myers et al.
[1989]. In all cases, the POLAR calculations agreed with the essential features
of the observations.

The Shuttle Orbiter and SPEAR | comparisons were intended to be with
preflight predictions. In both cases, however, malfunctions during the flights

! Proceedings of the Air Force Geophysics Laboratory Workshop on Natural Charging of Large
Space Structures in Near Earth Polar Orbit: 14-15 September 1982.




changed important parameters and required new calculations. The Orbiter
main engine shut down early, lowering the orbit by a hundred kilometers. A cap
on the SPEAR | plasma contactor didn't open allowing potentials of thousands
of volts to appear on the rocket chassis. In both cases, the POLAR calculations
were redone using the same model used for the preflight calculations, but with
parameters appropriate for the actual flight.

This validation document has three parts in addition to the introduction: the first
is a summary of the physics learned during the POLAR development and
validation; the second is a discussion of the physical processes modeled by the
POLAR code; the third part is a collection of papers that discuss the
comparisons with the flight data.




2. SUMMARY OF POLAR ACHIEVEMENTS

"In brief, we require of new theories that they account for the results
predicted by existing theories and that, in addition, they predict ncw
results.” 2

The POLAR development and validation etforts have lead to predictions and a
new level of understanding about the physical mechanisms that determine
spacecraft plasma interactions with the ionosphere. POLAR has answered
many long, outstanding questions. The details are contained in the attached
papers, and the validity of the results is born out by direct comparison with
observations. The following paragraphs summarize POLAR's most significant
contributions to spacecraft interaction physics. In each case, the results would
not have been possible without the data and cooperation of the flight
experimenters.

i.  The physical processes controlling the plasma wake of large (~10 meter)
spacecraft have been elucidated and compared with observation.

lons are accelerated into the plasma void behind large satellites by density
gradient electric fields. The POLAR comparison with in situ measurements
of the orbiter wake [Murphy & Katz, 1989] showed that the density over
shoots and wake structure seen in laboratory experiments were not
relevant to spacecraft in the ionosphere.

v POLAR includes the physics necessary to model wakes.

2  Auroral charging is predictable and increases with spacecraft size.
POLAR was developed to pursue the speculations of Parks & Katz [1981].
POLAR was just one part of a Geophysics Laboratory (GL) investigation

into auroral charging. Measurements of auroral charging on DMSP were
reported by Gussenhoven et al. [1985] on DMSP. POLAR calculations by

2 M.S. Gussenhoven, Proceedings of the Air Force Geophysics Laboratory Workshop on
Natural Charging of Large Space Structures in Near Earth Polar Orbit: 14-15 September 1982,
Chapter 31, "Requirements for Validating System Models".
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Cooke et al. [1989] using data provided by Gussenhoven, reproduced the
observed levels of charging. The POLAR calculations also showed that a
small satellite would have charged to just a few volts.

v POLAR includes the physics necessary to model auroral charging.

Electron collection from the ionosphere by active experiments is
magnetically limited except at low (<250 km) altitudes.

POLAR calculations of the CHARGE Il mother payload showed that the
data of Meyers et al. [1989] actually agreed with magnetic limiting, contrary
to much speculation in the literature. The POLAR model of the rocket had
the correct finite cylinder geometry, and collected current in agreement
with the measurements. The POLAR currents were substantially larger
than the spherical probe results previously applied to the problem. The
SPEAR 1 calculations [Katz et. al., 1989] showed how deviations from
spherical symmetry enable electrons to cross magnetic field lines and be
collected by high-voltage probes. In neither case was any "turbulence”
necessary to explain the experimental resuits.

v POLAR includes the physics necessary to model plasma sheaths,




3. POLAR CODE PHYSICAL MODELS

Below are outlined the basic physics models solved in POLAR. More details on
the algorithms used to implement the models are contained in the POLAR
Code Users Manuals.

3.1 PLASMA SHEATH

POLAR solves Poisson's equation in the volume surrounding a spacecraft.

2

V¢=% (1)

For potentials, ¢, small compared with the tackground plasma temperature 6,
the space-charge density, p, is calculated assuming linear screening:

- E—po— = % ’I(pl s q)sheam (2)

where ¢ . =8In2, (3)

the potential where linear shielding breaks down [Parrot, Storey, Laframboise &
Parker, 1982]. In many cases, the value used in POLAR for O cheath is higher,
due to numerical eccuracy considerations, but even for the most extreme cases,
it is less than a few volts. This value sets the the low potential accuracy limit of
the code.

For larger potentials, the space charge density is calculated by tracking
representative macro particles in a fixed potential,

i = (X x B - Vo). (4)

The potentials are assumed to remain steady during a particle transit through
the sheath. This sets the lower bound on the timescales, which can be modeled
using POLAR. Potentials and charge densities are iterated until a self-




consistent solution is obtained. To speed convergence, an analytical estimate
of the space-charge density is used to obtain the initial potential iterate.

3.2 NATURAL CHARGING

Surface potential, ¢, changes are calculated using the capacitance, C, between
the surface and the underlying chassis ground,

d .
Cd—?=1wa, (5)

where A is the surface area. The net current density has several components,

jnet = jiencident X (1 . Ys;econdary e _ Bleaackscansr e) + j%\neath x {1 + Yi)e:ondary e) ) jghoto ()

The incident ion currents are calculated by tracking particies through the
sheath. The incident electron current has both a low and high energy
component. The low energy component is treated as a single temperature
Maxwellian and accurately represents the cold, dense ionospheric background.
FYhe high energy component is used to represent auroral electron fluxes and
can be of the form

2 2
-(E-E) B

i(E) = aE(E - eq))—(ml) + ./ (_LZFG ~+E-ee )/n+ bEe o (7).

2xm x(kT)

This form has been shown to fit inverted-V spectra [Fontheim et al,, 1982].
3.3 PLASMA WAKE

The model of the wake structure used by POLAR depends an the position
relative to the so-called ion front. This ion front marks the boundary where
electron density begins to change on a scale commensurate with the Debye
length and the ion density takes a sudden and dramatic drop. Ahead of the ion
front, the plasma is treated as rarefied; its motion is controlled by the thermal
spread in ion velocities. Behind tha front, the motion is controlied by the
electron temperature and ion mass.




The governing equations in this region ahead of the front, considering that
electrons are more mobile than ions and that they maintain equilibrium with a
local potential, are:

the Boltzman relation; n,=n,exp{e¢/kT,) (8)
_ an| P
continuity; T + 52— (n‘v) =0 (9)
| on: v vov _-e %0
equation of motion; A Yoz T M oz (10)
o | o0
Poisson's equation, a—; =4ne(n, -n) (11
z
where n, = ambient density
n. = ion density
ne =  electron density
8, =  electron temperature
e = electron charge
o) = local potential
k = Boltzman's constant

z is a variable representing distance parallel to the front velocity or, in the case
of POLAR, perpendicular to the orbital velocity.

Crow et al. [1975] have numerically solved the above equations to predict the

posttion of the ion front. POLAR uses an analytical fit to the Crow resuits [Katz et
al., 1985]:

z (1) =2Xd{(wt +€;)ln(1+ amt) - ot - (1—%9)(mt—éln(1+ amt))}

2
(47n,e’) (k8,)
where o = M A=

; (12)




are the ion plasma frequency and Debye length. « is a free parameter
determined to be ~ 1.6.

Katz et al. [1985] showed that this formula agrees well with laboratory data from
Wright et al. [1985]. Ahead of this front zg, the plasma is assumed to expand
due to thermal motion, the so-called "neutral approximation”. Behind z the
piasma evolves into a state that is self-similar [Chan et ai., 1984]. The self-
similar solution of equations 8-11 for z > Syt is

z+S t
nN=n,expy-| gy (13)

o

t

2
where S = (k8 /M) s the ion acoustic speed.

We take the time variable to be spatially defined as:
X
t=g— (14)
VO

where x is the distance behind the object (perpendicular to z) and V, is the
orbital velocity.

The wake routines in POLAR employ both limiting cases: (1) ahead of the ion
front the electric field is negligible and the motion of ions is identical to neutrals;
(2) behind the ion front, whose position is determined by equation (12), the
quasi-neutral, self-similar solution of equation (13) is implemented.

POLAR has routines that accurately model the geometry of the object, and the
"neutral ion” trajectories are calculated from:

ftRv) =gt (V) (15)
where f. (V)is the unperturbed distribution function for a drifting Maxwellian;

g(%,Q) has value "0" if a ray starting from X and going in the direction 2 would
strike the vehicle, and "1" if it would not.




The local density is given by:
n =1V =[gxa) {1 (7.9 v }da (16)

This initial density calculated in three dimensions for neutral particles is
compared with density calculated assuming the complex geometric object is
replaced by a flat plate at a position where the dominant source appears at the
object edge. This rauo provides a "geometric correction factor” that is applied to
the quasi-neutal, gne-dimensional solution discussed above for positions
behind z¢. In this way, POLAR can calculate quite rapidly an approximate value
for the ion and electron densities in the wakes of complex objects.

Note that the assumptions behind the front are: (1) the electron temperature
and ion mass govern the equation of motion; (2) the plasma is quasi-neutral;
(3) the magnetic field does not affect the ion or electron motion; (4) equa-
tion (12) serves as a good approximation for determining the boundary of the
ion front; and (5) the geornetric correction factor calculated in detail with the
3—dimensional neutral model can be approximately applied to correct the
plasma densities as well. Therefore, the algorithm can address complex
geometries but takes advantage of the smooth wake structure characteristic of
ionospheric plasmas where 6,/6, = 1.




4. FLIGHT DATA COMPARISON PAPERS

The papers on the following pages discuss POLAR code model comparisons
with flight data.

11
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Structure of the Bipolar Plasma Sheath Generated by SPEAR }

I Karz! GO A JONGEWARD.! V. A Davis,' M. J. MANDELL.' R. A. KuHarskL! J. R, LiLtey, Jr.' W. J. Rairt.?
D L Cookr.* R. B. TORBERT.* G. LARSON.* AND D. Rau®

The Space Power Fypeniment Aboard Rockets [ (SPEAR 1) biased (wo 10-cm radius spheres as high
4 36,000 V positive with respect to an aluminum rocket body The experiment measured the steady state
cusrent to the spheres and the floating potcatial of the rocket body. Three-dimensional calculations
performed using NASCAP LEO and POLAR 2.0 show that both 1on-collecung and electron-collecting
sheaths were formed The rocket body potential with respect to the tonospheric plasma adjusted to
dchieve u halance between the electron current collected by the spheres and the secondary electron-
enhanced wn current 1o the rocket body This current balance was obtained with a large 10n-collecting
sheath that enveloped most of the electron-collecung sheath and reduced the area for collection of
wnosphenc electrons. The valculated current is 1n agreement with the flight measurement of a steady
state current of less than | 10 A The calculanons show that the rocket body was driven thousands of
+olts negative with respect to the 1onospheric plasma. The calculated rocket potenual i1s within the
uncertanty of that inferred from 1on spectrometer data. The current flowed through the space plasma.
There was atmost no direct charge transport between the spheres and the rocket body.

INTRODLCTION

Since the first time that electron guns were placed on rock-
els. the voltage on 4 rocket necessary to collect tonospheric
clectrons and complete the aircuit has been the subject of
much debate [Winckler. 1980] Classical theories { Langmuir
and Blodgetr. 1923 Mot-Soth and Langmuar, 1926 Beard
und Johmon, 1961, Chen. 1965, Laframborse and Rubinstein,
1976 Rubinstenn and Laframhorse 1978, 1982, 1983 Parker
and Murphy, 19671 predict that even for low-current electron
beams less than 100 mA). rocket bodies will charge to thou-
sands of volts Early experiments. however. measured poten-
tiabs of less than 100 V for beam currents as high as an ampere
tsee Winkler [1980] for a review of the experiments). Theor-
eticians questioned the validity of the measurements: experi-
ments dismissed the theores as obviously irrelevant. In more
recent years. cxpeniments performed above 300 km produced
medsurements more 10 agreement with theoreuical predictions
[ Muehlum er ul. 1988]. Using 1ethered subsatellites (so-called
“mother-daughter” payloads). potentials have been measured
more rehably While at low alutudes the measured rocket po-
tentials remain low. the results (or higher-altitude rockets tend
to agree with classical theories of space-charge limited col-
lection. The low-altitude results are thought to stem from ioni-
¢ation of neutral gas within the electron collecting sheath [Lui
ef ol 1985) Sull unresolved. owing 1o the relatively low po-
tentitls on the rockets, 1s the influence of the Earth's magnetic
held on electron collection

Classical theories  predict that near large high-voltage
probes. the 1onospheric electrons are constrained more by
magnetic field hines than attracted by the probe potential. This
should result 1 g decrease i current from space-charge limit-
ed predictions that has vet to be observed in space. The Space

'S-Cubed Division of Mavwell L aboratories, La Jolla, Calfornis

“Utah State University, Logun

"Mir Force Geophysies Laborgtony. Hanscom A Force Base,
Muassdvhusetts

“University of Alabama. Huntwille

Copsright 1989 by the American Geophysical Umon

Paper number 8%JA0395)
O13X-0227 XY RRJA 03951505 ()

Power Esperiment Aboard Rockets 1 (SPEAR 1) (W. J. Raitt
et al. unpublished manuscript. 1988) was specifically designed
to measure whether or not the Earth's magnetic field impedes
electron collection. SPEAR 1 had two 10-cm radius spherical
electron collectors each at the end of a 3-m boom. The
planned experiment was to apply a positive voitage on the
spheres. up to 46.000 V with respect to the rocket body. and
measure the current of collected electrons from the iono-
sphere. In place of an electron beam, SPEAR [ carried a
plasma contactor on the bottom of the rocket to emit elec-
trons and complete the circuit through the ionosphere. The
plasma contactor was designed to keep the rocket body close
to the same potential as the surrounding ionosphere. Conse-
quently. most of the potential difference applied between the
sphere and rocket body was intended to be dropped across a
large electron-collecting sheath.

During the SPEAR 1 flight. the cover failed to come off the
plasma contactor. Because of this. the plasma contactor was
unable to expel the electrons collected by the spheres. The
rocket body was driven thousands of volts negative to achieve
current balance. Instead of a single, nearly spherical electron-
collecting sheath around the spheres. a second. larger jon-
collecing sheath was formed around the rocket body, par-
tally enveloping the electron sheath. The structures and inter-
actions between the two sheaths and the closure of the circuit
through the 1onosphere are the subjects of this paper. The
basic theory of high-voltage objects immersed in a plasma is
presented. followed by the results from detailed. three-
dimensiwonal calculations for the SPEAR [ parameters. Both
the ight results and the supporting calculations show that
when the neutral gas pressure is low enough that jonization
can be ignored. the sheath currents are small and are con-
trolled by the geometry of the exposed high-voltage compo-
nents.

EXPERIMENTAL ARRANGEMENT

The geometric arrangement of the booms and payload
structure 1s shown in Figure 1. The 10-cm radius gold-plated
spheres were mounted on bushings constructed with grading
rings connected by resistors. The bushings produced a uniform
potential gradient from the spheres 1o payload ground at the
Y junction of the two bushings with the plastic support boom
shown in Figure I The total resistance along each bushing

The U.S. Government is authorized to reproduce and sell this report.
Permission for further reproduction by others must be obtained from
the copyright owner,
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Fig. 1. The SPEAR | experiment. The rocket body was alu-
minum, the booms were plastic. the bushings were nickel, and the
spheres were gold.

was | M, and the number of rings used resulted in a poten-
tial drop of about | kV between each pair of rings when the
sphere was at a potential of 46 kV. The rocket body was
polished aluminum with a surface area of just over 5 m* and
was connected to payload ground.

The voltage between the spheres and the payload ground
was supplied from a charged 2.5-uF capacitor switched to the
spheres by a high-voltage relay. A cutrent-limiting resistor of 2
k€Y was connected in series with the capacitor. The electric
schematic diagram of the high-voltage section for one sphere
is shown in Figure 2. The fixed resistor of 700 kQ in parallel
with the bushing resistors of 1 MfQ resulted in a decay time
constant of 1 s for the capacitor, ensuring that even in the

SPEAR | Birotak SHEATH
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absence of plasma currents, the applied potential would decay
to near 0 V during the 5-s peniod for which the capacitor was
connected to the sphere.

Figure 2 illustrates the two current monitors used to mea-
sure the total current from the capacitor and the current flow-
ing down the graded bushing. The plasma current (o the
spheres was determined from the relation

th

hn

“ o — V700

Toten =

where 1 1s the measured voltage on the capacitor 1n kilovolts
and the constant 700 is the constant fixed resistance connected
between the capacitor and payload ground. An example of the
plasma current to the sphere as a function of applied voltage
i shown in Figure 3.

In addition to the high-voltage generating and monitoring
instruments. the pavload also contained diagnostics to mom-
tor neutral pressure. ambient eleciron density and temper-
ature. VLF and HF wave intensities. energetic ion and elec-
tron fluxes up to 30 keV. and optical imagety and photometry
of glow in the vicinity of the spheres. A hollow cathode
plasma contactor was also included in the payload with its
plasma ortfice at the end of the payload removed from the HV
spheres.

SPEAR | was launched from NASA Wallops Flight Facility
on December [3. 1987, at 2045 EST. It reached an apogee of
369 km at 351 s after launch. All of the results shown in this
paper were taken within 10 km of 350 km. No significant
altitude effect was observed between 120 and 320 km. The
pressure measured during most of the high-voltage expen-
ments ranged between 10 * and 1072 torr (3. Pickett and G
Murphy, private communication, 1988). This is significantly
higher than the unperturbed ambient environment. During the
last two high-voltage shots. the rocket was below 130 km and
the background pressure was in excess of 10™* torr. During
these last shots, extensive iomization occurred and our calcula-

SPEAR 1

HV System - Schematic Diagram
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Fig 3 The current sversus voltage data where only one sphere was
charged These data were typical of all the higher-altitude shots.

vons Jo not apply For most of the experiment. the rocket was
criented o that the Farth's magnetie tield was perpendicular
to the plane of the bushings and booms. During the later
portion of the tight, the rocket was reoriented with respect to
the magnetic ficld, but no effect was seen in the data.

The fuilure of the cap removal on the plasma contactor
resulted in the pavload ground bemng driven to high negative
potentials as described earlier. The resulting ion flux from the
tonospheric plasma to the vehicle was detected by the ion
sensors of the energetic partuicle detectors. The ion flux energy

Katz et at SPEAR | Bibotar SHEaTH

spectra showed a high-energy cutofl which vanied as the ap.
plied vehicle-sphere potential vaned. The expected peak 1n the
10n spectra was observed, but it was broader than expected
from classical, collsioniess acceleration of 1onospheric torns
through the vehicle charge sheath. Upper and lower bounds
on the vehicle potential based on the spectral cutoff and peak
energies are shownon Figure 4.

Further details on the instrumentation and examples of the
Right data achieved can be found elsewhere (W. J. Raitt et al..
unpublished manuscript, 1988).

THrORY

The calcutations presented depend on a few basic principles.
First, a space charge sheath forms around the rocket surfaces
which are at high potentials with respect to the surrounding
ionospheric plasma. The size of the sheath is such that the net
spitce charge in the sheath cancels the charge on the surfaces.
Second. rocket compoenents positive with respect to the iono-
spheric plasma collect electrons, and negative surfaces both
collect 1wons and emit secondary electrons. Finally, charges
How between the SPEAR I rocket and the ionosphere in a
complete circuit: the sum of the current from the positive
surfaces s exactly balanced by the current to the negative
surfaces. These basic principles control the time-averaged re-
sponse between SPEAR 1 and the 1onosphere.

A high-voltage capacitor in the SPEAR I rocket applied as
much as 46000 V between a 10-cm radius sphere and the
body of the rocket. In a sacuum. applying this potential to an
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isolated sphere would cause a charge of 5 x 10 7 C to appear
on the surface. If immersed man, =5 < 10" m ™' k7, = 0.1
eV plasma. typical of the 1wnosphere observed duning the
SPEAR I thght. the potential excludes ions from a substantial
volume around the sphere If the electrons were immobile,
1wns would be excluded from a 2.5-m radius volume sur-
rounding the sphere ((4n 3IR*n e = dne,re). The space charge
of the remaining electrons would balance the surface charge
on the sphere. The transition from a quasi-neutral plasma to
the complete exclusion of ions occurs in a few Debye lengths
at the edge of this volume. On the scale of the volume radius,
this is a very rapid transition. For the ion space charge to be
significant, the local potential must be within a few AT, of the
ambient plasma potential. This is less than 107 * of the applied
potential during the SPEAR I fight. Under these conditions
the sharp sheath edge approximation. ie.. the assumption that
the transition between the quisi-neutral ambient plasma and
the ion-free clectron sheath s discontinuous. 1s accurate. This
approximation is used in all of the calculations below.

When the electron response is included. the sheath radius
expands. The self-consistent. space-charge-limited electron
density and potential in the sheath surrounding a high-voltage
spherical probe was first reported by Langmuir and Blodgett
[1924]. The potential 1s obtained by solving Poisson’s equa-
uon with the boundary conditions

i

pla)
MR
l.(DI

(ri, g,

fi
o

0

ki

where a is the sphere radius and R . the sheath radius, 1s found
as an eigenvalue, The lust equation results from Gauss's law
when the space charge cancels the surface charge.

Plasma electrons enter at the sheath edge and are absorbed
by the sphere. In steady state and without a magnetic field,
current continuity and conservation of energy lead to an ana-
Iytic expression for the space charge. This expression depends
only on the radial position, the potentsal at that position. the
sheath radius, and the current density entering the sheath.

RN m, \'"
,u=1(w)(; (3)
TSN leotn)
Purrot er al. [1982] report that weak. long-range potentials in
thz plasma increase the current density entering the sheath to

R I RN 4
where J ., .08 the one-sided plasma electron current density.
This sheath current results when magnetic fields are neglected.
No comparable results are avinlable with magnetic fields. The
citleulations use (4) to relate the sheath edge current density to
the »lasma thermal current. The solution to Poisson’s equa-
tion with the boundary conditions in (2) and the space charge
density in (3) gives a sheath radius of 7.1 m.

The identical charge density could be found by solving the
equations of motion for the electrons and integrating over the
local distribution function, The analytical expression for space
charge density [ Mandell und Karz. 1983 is simpler to evalu-
ate than integrating the equations of motion but 1s valid only
when the geometry 1s symmetric and the magnetic field 18 so
weak that it does not affect electron orbits. The analytical
technique has been extiended to more general geometries. but
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still without magnetic field effects. Calculaton of densiues
from the equations of motion (e.g.. following particle trajec-
tories) is valid for all geometries and magneyc fields but 1
frequently hampered by numerical approximations and staus-
tical noise. Both techniques are used in the calculations below
Analytical expressions are used in the bulk of the caleulations.
and to check those results. a few calculations were done by
following electron trajectories.

In general, the sphere collects only a fraction of the electron
current which enters the sheath. Even with no magnetic field.
electron angular momentum can prevent sheath electrons
from reaching the sphere. However. for the 46-kV potential
and the plasma parameters being discussed. this is not a
factor; all the 390-mA current entering the 7.1-m space-
charge-limited sheath would be collected in the absence of a
magnetic field. A magnetic field can reduce the current col-
lected. Self-consistent, steady state calculations (M. J. Mandell
et al., Current collection by a high-voltage sphere from a cold
magnetoplasma. submitted to Journal of Geophysical Re-
search, 1988) show that high-voltage spherical probes in iono-
spheric plasmas collect currents close to the limit derived by
Parker and Murphy [1967]. The Earth's magnetic field of 0.4
G would reduce the coilected current to only 14 mA from the
390 mA corresponding to the space-charge-limited value. Ac-
cording to recent estimates (P. Palmadesso, private communi-
cation, 1988), turbulence may cause cross-field transport and
increase the collected current, but it would still be only a small
fraction of the sheath current. The calculations of the current
to the spheres presented here alt include the effects of the
magnetic fields on the eleciron trajectories. The magnetic field
is particularly important for small rocket body potentials and
large electron sheaths.

Around a negative sphere an identical sheath would form,
but with space charge of the opposite sign. lon motion is
essentially unatfected by the Earth’s magnetic field. When kil-
ovolt ions tmpact aluminum oxide surfaces. the) generate a
large number of secondary electrons [Dietz and Sheffield.
1975]. For the high voltages experienced during the SPEAR 1
flight, each ion most likely produces more than 10 electrons.
Secondary electrons produced by ion impact dominate the
current 1o negative potential syrfaces. However. since the elec-
trons accelerated by the high fields travel more than 170 times
as fast as O ions. the ions sull dominate the space charge
density around a negatively charged object:

O EE

The secondaries are accglerated along field lines. and almost
all pick up too much angular momentym to be collected by
the spheres. The calculations below include the current from
ion-produced secondary electrons but ignore lhelr contni-
bution to the space charge.

Finally. when the spheres are biased positive with respect to
the rocket bods. the rocket body floats to a.nega;ivc potential
with respect to the plasma It floats to the potential where the
1on and secondary electron current to the bt;d_\' exactly bal-
ances the electron current collected by the sphergs. The iono-
spheric plasma currents respond to a change of body potential
on the time scale for a particle to transit the sheath: less than
a microsecond for electrons and Igss than a milhsecond for
wons. In comparison. the voltage is applied 1o the spheres for a
second. The floating potential response 1s so fast that at least
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in 4 iime-averaged sense. the net current to SPEAR 1 must be
ero

While the elements of the theory presented here are not
new. some components. particularly the mechanisms control-
ling electron collection from the ionosphere, have been at odds
with data from lower-altitude rocket experiments. The calcula-
tions that follow show that all three elements (space charge
sheaths. collected plasma currents. and current balance) are
important 1n order to understand how the ionosphere re-
sponded to SPEAR |

CaLCLLATIONS

The calculations presented below were performed to com-
pare the fhght measurements with the classical theories of
clectron collection from a magnetized plasma. The calcula-
uons were done using the NASCAP LEO and POLAR 20
computer codes which take account of the SPEAR | three-
dimensional geometry as weil as space charge and magnetic
tields While the experiment ideally would consist of spheres
Hoating 1n space. the actual expeniment, Figure 1, consists of
two spheres supported by meter-long resistive bushings.

NASCAP LEO { Muandell ¢r al.. 1982] and POLAR [Conke
of al, 1985 Lilley et al. 1986, Karz et al., 1984] both solve
Paoisson’s equanion in three dimensions to determine the elec-
tric potential distnbution in the plasma surrounding a space-
vraft. They differ in that POLAR uses particle pushing to
sohve for the self-consistent space charge density by iteration,
and NASCAP LEO uses space charge obtained from formulas
based on cufrent continuity in 4 homogeneous background
plasma  Both codes use partcle pushing to determine the
plasma currents Substantial testing has shown that in the
absence of a magnetie field. the formulas in NASCAP LEO
have a wide range of applicability and can be as accurate as
the particle pushing results. By using the analytical formulas,
NASCAP LEO can find the sheath in less than one tenth the
tme of the sell-consistent POLAR code. However, for the
unusual  geometries and  strong magnetic effects seen in
SPEAR [t was necessary to perform self-consistent POLAR
calculations for at least a few cases in order 1o assess the
aceuracy of the more approvmite NASCAP LEO calcula-
Hons
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Both codes use the sharp sheath edge approximation, which
defines the sheath edge to be the potential contour beyond
which the repelled species is entirely excluded. The Debye
length for the F region onospheric plasma is extremely short.
of the order of a centimeter. and the sheath dimensions are
la~ge. of the order of tens of meters. The zone size at the
sheath edge 1s of the order of half a meter. To compensate for
the large zone size. the sheath boundary potential was taken
to be 10 eV. The gnd for both codes consisted of several
embedded grids of progressively finer resolution. The finest
grid resolution 1s § ¢cm and is used to resolve the space around
the spheres. Several calculations of current collection by a
sphere were performed using the three-dimensional codes and
compared with results from lower dimensional analyses. The
two-dimensional simulations including a magnetic field per-
formed for this companson are discussed elsewhere (M. J.
Mandell et al.. Current collection by a high-voltage sphere
from a cold magnetoplasma. submitted to Journal of Geophysi-
cal Research, 1988). The three-dimensional resuits are within
20, of the comparable two-dimensional calculations. For the
cases (n which magnete fields are important. POLAR s 1n
good agreement with the two-dimensional results, while
NASCAP LEO makes errors as large as 50".. POLAR is able
to correctly model the contraction of the sheath perpendicular
o magnetic field due to v x B forces on electrons: the sheath
NASCAP LEQO calculates is unmodified by magnetic fields.

The same ionospheric plasma parameters, n, = 5 x 10'¢
m ‘. AT, = 0.1 eV.and |B| = 0.4 G. were used in all the calcu-
lations. These parameters are consistent with the flight
measurements. In both codes, plasma currents are calculated
by tracking test particles in from the sheath edge until they hit
the object or leave the sheath. The particles are subject to
both clectnical and magnetic forces. Owing to the magnetic
field. & small fraction of the electrons neither leave the sheath
nor are collected by the object even after extensive tracking.
Our two-dimensional analysis has shown that self-consistent
space charge contracts the sheath perpendicular to the mag-
netic field and reduces the number of apparently trapped par-
ticles and that these particles will eventually hit the object. In
the SPEAR 1 cilculations the number of trapped particles
accounted for no more than 200, of the collected current
Neither counting them as collected nor discarding their contn-
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to one sphere

bution changes the results significantly: in the results below,
they are alwiys included in the collected current.

fons produce lurge numbers of secondary electrons from
aluminum oxide. Normally incident 10-keV oxygen ions were
assumed to produce seven secondary electrons when they
impact aluminum oxide. The most applicable data were for
Na* on Al,O,. The value for O was estimated from the Na’
results of comparable ion velocity. Following Dictz and Shef-
field the secondary yield ; was assumed to vary linearly with
velocity:

= Cle =ty 6)

where 1, is the threshold velocity of 5.5 x 10* ms™ ' and Cis
chosen to make the yield equal 7 for a 10-keV ion. The inci-
dent ions were assumed to hit isotropically. which increased
the effective secondary yield by a factor of 2. The ion-
generated secondary electron yield is the largest uncertainty in
the calculations.

The calculations simulate the SPEAR I discharges when a
single sphere was charged to the highest voltage and the volt-
age decayed owing to both the plasma currents and the cur-
rent through a fixed resistor. The highest measured voltage on
SPEAR | was 45,320 V| the calculations were done with volt-
ages of up to 46,000 V. Four different applied voltages. 46, 24,
12, and | kV, were chosen to represent the sphere voltage
during the discharge. For cach sphere voltage 4 series of calcu-
lations was performed varying the potential of the rocket body
with respect to the ionosphenc plasma For each of the rocket

b /
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Calculated 1on and electron currents collected as a funchion
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Fig 8a.  Potenual contours calculated by NASCAP LEO for the
case with one sphere biased to 46 kV and the spacecraft ground at
~6kV.

body potentials, NASCAP;LEO calculated the ion and elec-
tron plasma sheaths along with the current to the rocket. The
equilibrium rocket body floating potential was determined by
balancing the electron current to the sphere with the second-
ary electron-enhanced ion current to the rocket body. This set
of calculations thus yields both the potential on the rocket
body and the current to the sphere. Calculations using the
POLAR code were performed for 46 kV on the sphere and
both —6 kV and —~8 kV on the body. These calculations

P Nh Path of an electron in the potentials shown in Figure Xa
Note that the path s dramatically influenced by the presence of the
ron-collecting sheath
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enhancement for the case where 46 kV is applied to one sphere.

showed that for these interacting bipolar sheaths, NASCAP
LEO. which uses space charge formulas, gives almost the same
results as POLAR. which uses space charge found from self-
consistent particle tracking. For a rocket body potential of
— 8 k V. the collected electron current by the sphere is 47.6 mA
{NASCAP LEO), compared with 534 mA (POLAR). The col-
lected 1on current by the rocket body is 3.3 mA (NASCAP,
LLEO) compared with 31 mA (POLAR). When ion-generated
secondary electrons are accounted for, the floating rocket
body potential for current balance from both NASCAP/LEO
and POLAR s —83kV,

ResULTS

The ion-collecting sheath surrounding the rocket body
dominates the smaller electron-collecting sheath around the
sphere. As 1s shown in Figure 5. even though the body poten-
tial 1s only a small fraction of the sphere potential, the much
larger sheath forms because the surface charge on the 5-m?
rocket body 1s much greater than the charge on the 0.04-m?
sphere This s only due to their relative sizes. The effect of the
large 1on-collecung sheath s to pinch off the electron-
collecting sheath and to reduce the area through which elec-
trons can enter from the ionosphere. As the rocket body be-
comes more negative, the 1on-collecting sheath grows until it
completely isolates the electron-collecting sheath from the
1onosphere. Figure 6 shows the ionospheric ¢lectron thermal
current entering the sheath as a function of tne rocket body
potentnial when 46 kV 1s apphbed to (.. sphere. For rocket
hody potentials more negative than —15 kV. the ion-
coltecting sheath completely surrounds the positive sheath,
presventing any eiectrons form entening the sheath. This 1s a
lower bound on the body potential and doesn’t depend on
magnetic field eflects on electrons nor on the yield of ion-
generated secondary electrons.
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While the electron current entening the sheath decreases
monotonically as the body floats negative, the electron current
collected demonstrates a more complicated dependence on the
body potential (Figure 7). For small body potentials, the clec-
tron current collected by the sphere actually increases as the
current into the sheath decreases. The magnetic field reduces
the collected electron current to a small fraction of the current
entering the sheath. However. as the body potental becomes
negative, it forms an ion-collecting sheath which distorts the
symmetry of the electron-collecting sheath. This distortion en-
ables clectrons entering the sheath to v x B drift into regions
of strong electric field, from which they can be collected
(Figure 8). As the body potential varies from 0 to —4 kV. the
fruction of electrons collected increases faster than the ¢lectron
sheath area decreases. For large negative body potentials,
most of the current entering the sheath is collected. and the
net electron current collected decreases because the sheath
area decreases. The potential where the collected electron cur-
rent starts to decrease as the sheath decreases provides an-
other bound on the body floating potential. This bound does
not depend on the vield of ion-generated secondary electrons
but depends critically on the effects of the magnetic field on
clectron motion

TABLE 1. Body Potential and Plasma Current Versus Sphere
Bias
Sphere Bias. Body Potential, Current.

kV kV mA

+ 46 -R.3 452

-4 53 269

12 -13 13.4

-1 6.6 14

Valtes ure as calculated by NASCAP/LEQO.
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The rocket body floats 10 a potential between these two
bounds. depending on the secondary ciectron vields Since the
model for the secondary electron vields that was presented in
the preceding section contains o large uncertainty, it is impor-
tant to consider the sensitiaty of the results to the vields. The
three-dimensional calculations can be used to determine body
potentials and currents as a function of the secondary electron
vields For the svstem with 46 KV applicd that we huve been
considering. a vield of 30 s necessary to produce an equilibr-
um body potential of - 6 KV with a current of 78 mA. while o
vield of 3 corresponds to w potentiad of - THRY and a current
of 20 mA. Thus while the results are dependent on the as-
sumed secondary electron yields. extremely large changes i
these yvields are necessary to produce gaditative changes m
the potentials ind currents The three-dimensiona! sheath cai-
culations that have been performed can be used with more
accurate yield data b they become avalable 1o remove this
uncertainty. Figare 9 shows the current to the body including
sccondary clectrons and the clectron current o the sphere
Also plotted is the net current to SPEAR T The seroin the net
current determines the body loating potential When 46 kV s
apphied to the sphere, the cideulated floating potential v - 83
AV with a current of 45 ma

Table i shows the calculated floating potentials and sphere
currents for four sphere bras voltages In Figure 10 the sphere
currents are compured with g it 1o the thaht data Ao shown
1 i hine through the ongm it to the four caiculated pomnes A
strasght hine also s the Hight data The straght hine through
the calcutated current-voltage pomts provides an effecthive “re-
sntimen™ wheeh can be compared with thie same goantity from
the fight data The apparent incarnty of the current-yvoltage
relationship s pecubiar to the SPLAR T conhguration and the
voltage range of the calculations. The agreement hetween the
caleulutions and evpenimoent s well within the estimated un-
Figure 4
with

certainty of the calcutations. which 18 about 307

shows the caleulated Qoating potentials compared

hounds deternined from son spectral measurements made
during thght were much
broader than anuapated. posably as g result of backscatter

Av discussed earlier the spectra

from the rocket body or from sheath osaillations The caleula-
tons all fall within the expermental bounds
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SPEAR 1 mewsured the response of the sonospheric plasma
to Large objects with exposed high voitages The rocket flew
high cnough and released httle enough neutral gas that oniza-
uon within the sheath did not cause the high-current. fow-
voltage glow discharges observed on low-altitude electron
beam rockets and also observed during large chamber testing
of SPEAR [ The calculated fioating potentials and currents
coltected are m agreement with potentals and currents mea-
sured durimg the thght. That the most important physical pro-
cesses are ancluded an the calculations s supported by the
close aureement between the calculations and the experiment
in such a complicated system High-impedance space charge
sheaths were maintained until the rocket passed below 130 km
i alutude, where iomzaton eflects become dominant
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INTRODUC TION

In this paper we discuss measurements made by the
Plasma Dragnostics Package tPDPduning Spacelab 2. which
are presented by VMoorping et i [1989]0 and compare those
resalts with predictions from the Air Force Geophysics
Laboratory tAFGLY POLAR wuake code. which
comple v geometric model of the orbiter and the seltf-similar
sotution of the expansion of 4 plasma Into a4 vacuum as s
muodel basis Previous reports [Kars ef al o 1983] have
compared the predictions of POLAR o obsenvations ot T
I plasmas in the laboratory

Caution should be exercised tn extending conclusions
shout the accuracy ot the POLAR model o conclusions
regarding verrcaton of the underlying physical processes it
contains. Several other investeanions nave studied the ap-
phicabihity of the self-similar mathematics [Samur o al .. 1983
Rove haodhart ¢t o V9IRGB Glarevich e al . 1969 Dichold et
af C1IRT Koz et al 0 1988 10 wakes. [Uis our purpose
only (o determune of POLAR provides a reasonable model for
the wakes of “lurge " obgects i the wonosphere. as 1t has for
7 I plasmas 1n the luboratory

We deseribe brietts the POLAR model and review the
physics at contains. compare the data with the model. and
“hen discuss the range of vahdity of the code.

Uses g

THe POLAR Cone

To develop a code that can adequately desenbe the plasma
wake hehind a large object. particularly one of complex geom-

Copvright 1989 by the Amencan Geophysical L non

Piper number X9JADOSK?
GLAR-U227 XY U] A RISRINEE ()

GOEC Zan - CUITNE oects are teguired

ctry . caretul consideratien ot assumpbions and approxvimations
are required. as are simphhcations alfowing tor computational
cthareney  The POLAR vode has evalved with such consder-
ations in mind. A detaled deseription of the POLAR wake
model s anven by Kars cral JI98310and itas the purpose here
oniy to revies the basic phyvsios and processes in POL AR <o
the reader may have some insight into the saiidity of the code

The modet of the wake structure used by POL AR depends
on the position reflative o the so-called wn tront This on
front marks the boundars where clectron density heains to
change un u scade commensurate wath the Debyve leneth and
the wn density takes o sudden and dramanie drop Scveral
authors have discussed the relationship between the wake nil
procvess and the theorctical problem ol the expansion ol
plasma into a vacuum. In particular. problems apphicable to
wnosphernie condittons have been Greated by Gurevn i o
U966, Gurevich and Piracoskas P97 and Soren
Schunh J1982]0 10 name o tew

The ~olution 1o the Viassov-Porsson equation svstiemas in
veneral quite dithicult 10 obtim, but tor the cypansion of o
plusma o the vord 1t can be solved exphicitiy VWarcnoir er
al.. 19690 Ahcad of the 1on tront the plasma s treated as
rareficd: its mononas controlled by the thermal spread inon
veleciies. Betund the tront the motion s contioiled by the
clectron temperature and ron maess bgure Diilustrates these
reaimes and defines the coordimate system ased

The goverming equations 1n the recion behind the tront.
consudering that electrons are more mobile than ons and that
they matntan equibbrium waith o local porennal. are

cnd

The Boltzman relation

N eNp bkl th

S
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“POLAR” WAKE MODEL

MACH CONE
UNDISTURBED / ANGLE

|

REGION
254t
X - — -—— -
ON OF
F SiM_ AR
SOLUTION
—_— o rongeng
2 ASMA P Ow '
ON FRONT ) -
RESON OF CACCELERATET T
NELTRAL BY FiELCy ™

APPRCx IMATION

Fig t Tne POLAK wahe code distinguishes three regions of anterest The ambrent plasma the region of
self-simlar model. and the neutral approumation spuces are bounded by the Mach cone Z = -5 7 and 1on tromt
respectively  The coordinate system used s consistent with equations (1) through ol

Continuity Natz et al [198%] showed that this formula serees well
with luboratory data trom Weehr cr af 19855 and incorpo-
Ll A, - .
.. - 0 1y ruted 1n POLAR Ahewd of this front /Z, . the plasma s
i al assumed 1o expand owing to thermal motion. the so-called
£ quation of motion “neutral approvimation T Behind Z, the plasma evobves
XVITR ; .
tnto a state which s self-similar [Chan o1 al - 1983 The
AT - ¢nd . self-simular solutton of th=editor - - =8 s
— - —— R
i o LY T i C S
no-on eNp g ———— Ly
Poissons equation ' AV
b where 8, = (AT AN 7S the on aeoustic speed
e Aman, o o Phe time varsable s dehined as
where . - -
\
n,  ambient density .
nwon densy where s the distance behind the objectiperpendicular 1o
n, clectron density and Vs the orbital seloaty We define the selt-aimitar
I electroniemperature. vartable Jus
¢ clectron charge. A
o local potential. . - = 1%
A Boltzman’s constant Aot
and where 2 is g vanable represenung distance parallet o the Fhus the selt-simiar solution essentialhy states that b
front velovity or, 1 this case. peependicalar W the orbyal IWeen the region bounded i posiine < by the froat /7, and i
veloci negative - by the hine - - - S0 the density nises exponen-
Crom o al [1978] have numenicaily solved i through oh tally 1o be egual to the ambient value along = = = S0 This

s an intwitnely reasonable resalt

In summuary . the wake routines in POL AR emplov two
hmutine cuses () Ahead of the 1on tront the electrie held s
negheibie and the monon ot ons wadentical o neuatrals 12
Behind the won front, whose position i determined by 150

to predict the position of the 1on front Kars or af [19KS]
developed an analytical Bt to the Crow resulis

/ |
Ly - 2:\_;{‘10, . ') Inl =~ cwie Wi
[74

the guast-ncutra! selt-sinubar solution ot sh s impicmentad

04 ' | POL AR has routines which modal accurarely the goome
( I )‘ wl In 1 - /uul'l [

v of the obicot and “hoe noecab o naedenies oy

" '

colatiataed from

whery
LAY R WS Y RN
N i
KR TIVRN ¥
w o TTRTT A oo where v s the unpaturbed distehanon fundhen o o
- TH o
dottine Movacthan and oy 820 has value 8 b aoran
ate the o0 phasma treguenoy and Detve deneth rospe starting trom v and woene  the direc o O wonld stk the
ey and oo g el patamcter deternined 1o be 16 sehidoand b bt wonhd oo

24




MLty et Rvis Pk Con
SR -
N R Y
L “. e
i
. -
- q LSveo
3
K
. ) ,
et Tt IR D RN e
P2 Usioe cthe relaase Trarectony of the PDP and orbater
P AR Contales the densy as o tunaion o time tor the entine
ettt me penod Areas ot interest are labeled i the neure The
e rormadization values for the plasma are o - em
! AT
The ol density s griven my
- ’ - . l
\ Y U f!'l ”‘\.12' d 1 S0
s il densiy cadeukded in three dimensions for

ncatal particles iy compuared soth density calculated assum-
Ny the complex geometric object is replaced by a flat plate at
4 position where the dominant source appeuars at the object
edee  This ratio provides o “zeometnic correction factor,”
which s apphed to the guast-neutral one-dimeasional solu-
non discussed earhier for positions behind /Z,  In this way.
PO AR can caleulate guste rapudhy an approumate value tor
the ton and electron Jensities in the wakes of complex
obedts

Noute that the assumptions behind the tfront are 1) that the
ciecron temperature and 1on mass govern the equation of
2y that the plasma s guase-acutral. (1) that the
maenetic held does net atfect the won or clectron moton, (4)
that cquation 151 serves as 4 vood approumation for deter-
minime the boundary ot the won front. and t5) that the
correction factor calculated 1in detal with the
ey Jdimensional neutral modet can be approvmately ap-
pited o correct the plasma densities as well. Therefore the
anenthm can address compley vcometries but takes advan-
“ave ot the smooth wake structure charactenstic ot rono-
spheric plasmas where T T b Additonally . the model
wnores felds evsting 1n g sheath neur the body surface.
which ~hould not be of concern in our case where the orbiter
ocar plasma potential This imphies that won acceleration
cabcihared by POLAR s dJominated by electne Aelds due to
spoce Gharge separation i the wahke

mohion

JUemetfic

oy
!

COMPARISON OF Rest1s

braure 2is g plot of the normaiized density as a tunction of
nme predicted by POL AR tor the PDPortiter relative
The ratio NV, LN varies from
aprrovmately 09 for wake transt (WT) |, which s at a
distance of 245 moto 0 2 tor the closest. WT 3 at 45 m.

One must he caretul when companne the model o the
data since the model assumes o hived backeground density ot

Iraiectory densaty

unhie At

25
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o m Whetoas (e chid onospnene densals o g

Jues i conaadoabiy Thie Padkeronnd donsate Cheson g

The model s el of that absarsad an the v wde oo
sPhere The evsamad meder temperatuee s o ve o bt
2300 K The orsonved romperadure saties i o i

20 frodn thies assuied s alue dutne tmes ot aterose e

Akl transits wore bl planned toooccur e the relidrs ey
stabte davside sonosphere, and over the Time span ob eiven
wake trinstt the bachground density s behieved to be stahic
W 2 W [Murpies e al L1989 Tnothe tollowing discission
we will always compare the obsersed density ratio dunne
wohe transit o the percentage change predicted by ihe
mude!

Freure 3 ploats the obaerved electron and won denpaars
depression Juning the back away mancuser. sath o constang
10" cm 199! T he
aensity chosen tor normahizaton s arhitrary and does not
atfect the shape of the profite as long as s constant s the
shape and refative depth ot the profile we wish to compare
with POLAR. The dots in Figure 3¢ are the cleciron densats
tsmalt pertodic depresaions result when the boom-mounted
probe passes through the wake of the spinming PP The
plus ~svmbols are the son density obtaned once per spin
ovade. Dunine the back-awav . the PDP and orbiter passirom
N carty atternoon

as the ieterence densits [ Mgl enad |

salantude of approvmatehy, =240 to - 30
focal time. Frenre Yo adso shows the pradicred normadized
density calcatared by the POL AR muodel desarbed carlier
A~ can be seens good sgreement exisis abdistances trom 30
to = "5 m It should also pe noted that over the ranee of the
data ~shown. the RPA and 1P duta agree on densiy waithin
R

As discussed by Muphiv er al. [1989] we cannot easils
normal.ze to either the previous or tollow e orbit so we use
aconstant value of 10%¢m Mtor VL
1o be the peak density observed atter the PDP has et the
wihe approumatels | hour and 40 nun tater
relativeby Jong penod of this manetser. the sonosphere s
surely changed by more than 10/ and this mav cvplan the
disparity atter ¢ 20 min, since the PDP 1o orarer distenee
ivochanaing relativels htde Fioure Sh s o pior o the
predicted denaity cafcubited by the IR wnosphere moede:
and the measured density one orbat fater rsame
and fattuder. Note that the gradual vanations obseoved
owing to chanaine focal iime and Latude are consastent aath
the weneral trend predicted by the TR moded

Let us turn now to the wahe transit observations
the wihke
observed depletions s weil ay conditions ot the time ot the
center of the wake. Note that in this entire ringe ot S-23%0
m. the calculations and observanons acree to within 3.

Since the orbiter has a compiey geometry . the detarls ot
the wake structure at a distance of 35 m oW T 3 doswnsiream
may be affected Froure 4 plots o detal of that woke “ransit
and the POLLAR modet as 1 function of time
normalized to a constant since atos
varnation 1 backeround deasity occurs but it s not clear
exactly what that vanation s, To normalize o any unhnown
value other than 4 consiant woutd introduce artihicnad vara-
von and skew the results Voap/in e al . [1989] discuss this
issue 1 detat and i that case. WT 3 s normahized by the
data trom the prior orbit However Voophy cral 11989 are
Aanempnng Ao comparson 1o g modet Donne b
transit the backeround s behes ed 1o vary by asmuch as 107,

This calue wopeans

ther the

Toweat i

Pabie

hises transits and compares ihe predicted and

Fhe daty e

vilue clear some

Witk
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Fig. 3 lonand electron data during the back-away are plotted in Figure 3. normabized ton, = 1« 5 cm  Note

the relatively good agreement between model and data between 3 and "5 m Hevond ¢

= 20 mun TS my background

density varies conwiderabby . as s dlustrated in Frgure ¥, which inctudes data tor oae orbat later than Figure a0
approximately the same statton-heepiag position. supenmpased on g predicted density tor this arbit from the R

tonosphere model.

[Murphy et al.. 1989] so the model cannot be tested o an
accuracy greater than that.

Discussion

In examining the back-away density profile. we find three
relevant observations from Figure 3.

1. Close ic the orbiter (<230 m) the model underesumates
the observed density by | to 2 orders of magnitude.

2. In the range 30-75 m the model predicts quite iwcu-
rately the gradual increase 1o density unul the ume 1 = 20
nun. (Figure 3. After 7 = 20 pun the abserved deasity seems
to have o vamation. which is not belicved 1o be wake-related
Ihese densits changes resalt trom wonosphene yarability as
the spacecraft approaches the daw n-dusk merdian planc and
are predicted by empinical modebs such as IR

Consdering the first obsersation, recall that the assump-
tons incorporated within the POLAR wihe model regrare o
quasi-ncutral plasmi. assune o selb-saimilar solubion. and

negiect magnetic fields. Since the electron and 1on densities
observed even at the beginning of the release and back -away
period agree within 10771t would seem that quasi-neutrahty
would be vahid. 1t has been shown by Chan er al. [19%4] that
after a few qon plusma perniods (<01 ms an this cases the
plasma expansion becomes self-similar For the case ol the
shuttle orbiter. this takes place within the Rrst =1 m of the
wake. The magnene feld. if it s to be considered for this

FABLE 1 Comparison ol Obsersations From Miopi o0 !
19891 Wath POL AR Proedictions
PO AR (e ed
I abtide 1 hstane Novmahicad  Normateeod
Wik dey IN m Density Densiy
| s LT hEN [{X") X0
2 3% UNND e n e RN
B S 15K 43 U0 N
4 SR NET 1] [0 [T [ERL1]
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may be vanation in bachground of

case. would alwavs act 1o hmit plusmh flow. rather than™
enhance 1. Theretore 1t too can be ehminaded from ~erving
as an explanation for the poor fit at fess than 30 m.

The answer to the disparity between model and observa-
tion would seem to hie in the role played by contaminant
wns. Murphy et al. [1989] discuss these 1ons and offers therr
presence as an explanation for the disparity between these
data and that taken at simalar distances while on the remote
manipulator system (RMS).

Let us turn now 10 the 30- to 75-m distance region. The
most dJominant charactenstic of both the data and model s
the relatively smooth increase in density as the PDP moves
avally along the orbiter wake.

This midwake region has been studied extensively in the
Jaboratory and the wake-fll process depends strongly on the
body size. body potential. and ratio of umbient ion 1w
electron temperature. Srone [1981], Fournier und Pigache
[1978), Hester and Sonin [1970]. and many others have
performed laboratory experiments and observed fine struc-
ture 1in wakes. 1ncluding on denwity peaks along the wake
avs and wavehke condensation disturbances. It s impor-
tant. however. to note that for the case of large bodies in low
earth orbit (LEO)Y (1) the body potential is not oo different
from the plasma potential (a few AT at most. since the body
surtace is an insulator and does not expose v x B potential to
the plasmar. 12) the plasma is a4 cold Mauxwellian {.lev) and
collisionless. and (3) the ambient 1on and electron tempera-
tures are close (o being equal.

An excellent review of laboratory work before 1975 is
given by Fourmer and Pivache [1975]. Another excellent
review of the subject of expansion of plasma into the wake is
given by Samir er al. [1983]. In these cases the authors agree
with the basic finding of Gurevich und Piraevskii {1969) that
the fine structure and ion peaks observed in certain fabora-
tory investgations vanish as T approaches T... We see in this
case that in spite of (or perhaps because of) the effect of
contammant wons. we have a large-scale wake which 15
basically devoid of any fine structure. at Jeast in the sense of
total clectron or 1on density. It should be emphatically
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Detail of data from WT 3 1 compared to POLAR predictions Ditta are normalized to a constant. Since there
17 differences of that vrder between date and model are not signihicant

noted. however. that this does not impiy knowing alt there 15
o know about the wike I'he overail plasma
density s only the zeroth order parumeter. lon and clectron
compostion [Grebowshy of al .. 1987]0 vector measurements
of 10n velocities {Stone ef al., 1983, 1988]: electron temper-
ature [Murphyv et al.. 1986: Rairt et al.. 1983} plasma
turbulence [Raitr er af.. 1984] all play roles tn understanding
the total physics of the wake structure for such a complex.
gas-emitting. large object.

As discussed carlier. the structural differences between
predictions and observations after 1 = 20 min in Figure 3¢
are attributed 10 natural wnosphenc variation tnot modele
by POLAR). Figure 35 dlustrates the density profile one
orbit after the back-away maneuver and shows this simitar

sructure

structure.

Let us compare the model predictions to observations for
WT | through WT 4. The agreement is quite remarkable and
affirms that the “well-behaved™™ wake structures associated
with 7, T, = | plasmas cun be adequately modeled by the
physics contained 1n the POLAR model. There 1v only one
significant ditference between model and data, WT 2. which
occurs at =128 m. seems 1o be considerably deeper vian WT
4. which occurs i g httle more than 100 m. Murphy er al.
[1989] discuss this extensively. and we do not believe that,
considering approximantions made by the model and errors
made n normalization. we could expect any better agree-
ment. [f the magneuc field. contaminant 1ons. and orbiter
sheath do pluy some role. 1tis clear from both the model and
the data that it must be a secondary one.

Studving the detwmt of WT 3 observauons and POLAR's
predicted profile. we also find good agreement. This 18
significant because at 45 m downstream the detals of the
orbiter geometry and ity effect on the wake can not vet be
“washed out”’ ithe long dimension of the orbiter 1s =36 m).
The agreement between model and data ~eems to imply that
the geometric assumptions are vahid and that it is permissible
to use the geometnic correction factor calculated trom the
neutral low model. at least to first order.

Note that the center of the predicted wake seems to be




-

70

offset slightly from that observed and that the predicted
density gradient seems slightly greater than observed. Mur-
phy et al. [1989) discuss the accuracy with which the
trajectory reconstruction takes place. This offset error is
consistent with that leve! of precision. It s also possible that
errors in normalization (constant background assumed)
could produce this effect.

The difference in density gradients may be due to a shightly
different plusma temperature than that modeled or may be
consistent with the role plaved by contaminunt ions in the
neutralization of the space charge electric field.

Electric field data 1s difficult to discern from the PDP
measurements because of interference from another instru-
ment. but J. Steinberg (private communication. March 1988)
has exumined data from the ume peniod of WT 2 and finds an
electne field which changes sign at the wake center. This
field s within a factor of 2 of that expected from a self-similar
expansion. No attempt has been made to compare the
predicted ficld computed by POLAR to the actual data. since
error bars on the data are rather large. The authors may
examine this as well as the RMS data [Tribble ¢t al.. 1989] in
more detai} in a future paper. The RMS roll dats may be
more useful for comparison. since those data are taken at
<10 m downstream. where the density depletion and electric
fields are greater.

CONCLUSIONS

The sampling of PDP ion and electron densities verify that
for ionospheric plasma conditions (T, = T,). the orbiter wake
1s relatively smooth in its structure from =30 m to distances
of =230 m downstream. POLAR predicts this smooth wake

structure and agrees with the observations 1o an accuracy of

<307 (Table 1). For large and compleyx systems such as the
orbiter. outgassed products may play a significant role 1 the
structure of its wake at distances less than the characterstie
body dimension. Adequate modeling in this regime reguires

input that detls the outgassed species and rates. chenstry

describing their interaction with the wnosphere. and inclu-
sion of magnetic field to account for the pick-up 10n popu-
lation 1n the wake.

At midwake distances the magnetg field effects. af uny .,
would appear to be secondary to the dominant role of the
electric field and thermal moton already modeled by PO-
LAR in the wake-fll process. However. tor shghtiy larger
objects or high-inclination orbits the magnetic field may have
to be considered if accurate results are regunred. In addition,
the fundamental screntific questions assoctated with large-
bady wakes will eventually require 1~ anctusmion.

For compartsons between in situ observations and models
such as POLAR to be meamngful at lesels better than i few
tens of percent. more than simple axtal or planar profiles of
density are needed. Future experiments will also require
goud background meusurements and inclusion of vector on
velociiy, electric field. and particie distnbution tunctions
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Abstract

When subject to naturally occurring fluxes of electrons with tens of kilovolts of
energy, spacecraft surfaces accumulate negative charge. This charging leads
to potentials as high as 20,000 volts on the spacecraft. The potential achieved
depends on the electron spectrum; the density and energy spectrum of the
ambient ions; the solar flux; and the materials, shape, and size of the spacecraft.
While the first observations of charging were made on satellites in
geosynchronous orbit, charging has been observed more recently on satellites
at lower altitudes in polar orbit. The physical mechanisms which cause the
charging are similar in both cases. Spacecraft surface potentials rise negatively
until the electron accumulation rate is diminished and the ion collection rate
enhanced so that the net current to the surfaces is zero. In low polar orbit, the
enhanced ion collection dominates; in geosynchronous orbit, both processes
are important.
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Introduction

Spacecraft in geosynchronous orbit have been observed to charge to
thousands of volts. A joint program between the Air Force and NASA
investigated the phenomena. The program included both theory and
experiment. The largest component was P78-2, the SCATHA (Spacecraft
Charging At High Altitudes) satellite which was instrumented fully to investigate
magnetospheric charging. SCATHA provided unrefuteable evidence that
surface charging on spacecraft can cause discharges and operational
anomalies. As reported by Koons et. al.1, on September 22, 1982 potential
differences of more than 9500 volts were measured on the satellite. At the
same time, 29 pulses were detected by the Transient Pulse Monitor. Seventeen
of the pulses exceeded the maximum instrument level of 7.4 volts. Coincident
with the discharges were three anomalies, the most severe resulted in a two
minute loss of data.

The theory component of the joint Air Force - NASA program cuiminated with
NASCAP, the NASA Charging Analyzer Program2.3. NASCAP successfully
modeled both frame and differential charging events observed on SCATHA4.5.
The following briefly summarizes the mechanisms controlling spacecraft
charging as they have been included in NASCAP. The understanding obtained
by developing NASCAP lead to the prediction in 1980 that large satellites in
polar orbit would charge from several hundred to a few thousand voltsé.7. A
computer model, POLAR (Potentials Of Large spacecraft in Auroral Region)8,
was developed to investigate the physics of auroral charging more fully. The
differences between auroral and geosynchronous charging are discussed
below. During 1983, instruments on board the Defense Meterological Support
Program satellite 7 (DMSP 7) observed charging up to 800 volts9. Calculations
using POLAR are compared with observed DMSP charging. The observed
charging is in agreement with the mechanisms theorized in 1980.

Theory

The most basic instrument used in laboratory plasma experiments is the
Langmuir probe. Typically it is a small metal sphere whose potential is swept
through a limited range of voltages and the current to the sphere is measured.
The current is due to charged particles from the plasma impinging upon the
sphere. When the sphere potential is large compared with the kinetic energy of
the plasma, only electrons are collected. When the sphere potential is very
negative, only ions are collected. Between these two extremes, there is a
potential at which the ion current exactly balances the electron current, so that
the current to the sphere is exactly zero. This potential, at which the net current
is zero, is called the floating potential. Because at a given temperature
electrons move so rapidly compared with ions, the floating potential is normally

negative a few B¢, the plasma electron temperature. If the wire to the probe is
cut, the probe rapidly achieves the floating potential.
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The physics of spacecraft charging can be understood by regarding the
spacecraft as a probe in its local, ionospheric piasma. Since there is no way
for a continuous current to flow, the plasma particles rapidly charge the
spacecraft to a few 8e. The difference between the laboratory Langmuir probe
and a spacecraft immersed in a magnetospheric substorm is that the electron
energies are a few volts in the laboratory and can be tens of thousands of volts
in space. Laboratory floating potentials are typically negative a few volts; in
space potentials as high as -19,000 volts have been observed10,

— electrons

- ions

"~ photons

secondary, backscattered,
photo electrons

Figure 1. Highly negative potentials can result from the accumulation of
charge on spacecraft surfaces.

Spacecraft are designed for purposes other than acting as plasma probes.
Consequently, the interpretation and prediction of the spacecraft potential are
complicated due to the complicated geometry, multiple surface materials, and
the absence of an easily accessible reference ground. Each insulating
spacecraft surface interacts separately with the plasma and is capacitively and
resistively coupled to the frame and other surfaces. Rather than a single
floating potential, there can be a different one associated with each surface.
Computing surface potentials for a spacecraft is a considerably more complex
problem than computing the potential on a conducting, spherical probe.

Not only is additional complexity introduced due to geometry and insulating
surfaces, but currents other than incident electrons and ions must be included.
Kilovolt electrons generate secondary electrons and can be backscattered from
surfaces10.11_ Kilovolt ions can also generate secondary electrons. The
current density of low energy electrons generated by solar UV emission is much
greater than the natural charging currents. Because of this, most spacecraft
charging has been observed during eclipse, when the spacecraft is in the
shadow of the earth.

For magnetospheric charging, the spacecraft is small compared with the plasma

-3-
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Debye length. The electrons associated with charging typically penetrate less
than a micron into the spacecraft skin. Because of this, surface coatings play a
large role in determining spacecraft potentials. While the time to achieve
overall current balance in very shont, the order of a millisecond, the time for
each surface to achieve its own equilibrium potential is thousands of times
longer. The differences between the equilibrium potentials of different surfaces
is referred to as differential charging.

n,zn, ~10°m3
8, ~6, ~1- 30KeV
Ap=1000m

fp = 10° sec ™

jo =102 amps m2

. -5
i photo = 5 x 107" amps m—2

electron stopping distance =1-10x1 0" m
=10 3 sec
1-100 sec

Tuniform charging

Tdifferential charging =

Table 1. Parameters typical of spacecraft charging in the magnetosphere.

In the plasmasphere, spacecraft usually float within a few volts of plasma
potential. Upon encountering a magnetospheric substorm, the incident electron
current exceeds the ion current and the vehicle charges negatively. As the
potential becomes negative, the electron current diminishes because not all the
electrons have the energy to overcome the potential. If the plasma were in
thermal equilibrium and had a Maxwellian distribution of energies, the electron
current would decrease exponentially with the negative potential. The spectrum
of the electrons hitting the spacecraft would remain unchanged since the tail of
a Maxwellian is still a Maxwellian.

Additional ions are attracted to the spacecraft as the potential becomes more
negative. For the very low density plasma in the magnetosphere, angular
momentum limits the collection of ions. The maximum impact parameter from
which ions are collected is that for which the ion's collected velocity must be
tangent to the spacecraft in order to conserve energy (Figure 2).

The balancing of ion and electron currents predicts a floating potential on the
order of a few times the plasma temperature. Since the electron current

- 4.
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diminishes exponentially and the ion current increases linearly, the principle
eftect of the potential is to decrease the electron current.

FOR A MAXWELLIAN PLASMA
n 0 = density vth
0 = temperature b

REPELLED SPECIES IS ENERGY LIMITED

0
i=10, e forelectrons Vi @

ATTRACTED SPECIES IS ANGULAR

MOMENTUM LIMITED

bv, =av
1=1. (1__9) for lons th f
ion ) v \2
POTENTIAL FOR CURRENT BALANCE [ =1 (-‘1) g
I m 04 0\Viy s
=0 | ( lon . _ 1 ( lon o

Figure 2. Orbit limited collection is based on conservation of angular
momentum.

The interactions of the incident electrons and ions with the spacecraft surfaces
have a profound effect on floating potentials. The most important process is
secondary electron emission!!. Because secondary electron yields are so high
for many surface materials, the spacecraft floating potential is often positive! For
electrons with energies between 50 eV and a few kilovolts, more than one
secondary electron is emitted for every incident electron. This results in a
positive charging current. Only when the electron energies exceed several
thousand volts will the spacecraft charge negatively. Backscatter yields are less
than unity and vary little with energy. lon generated secondary electrons
enhance the ion current and act to reduce overall charging levels.

A kapton sphere immersed in a 5 keV, 106 m-3 plasma charges to -3640 volts.
The electron current which drives the charging is less than 2 X 10-6 A/m2, more
than half of which is immediately cancelled by secondaries and backscatter.
lon generated secondary electrons effectively triple the incident ion current.
Equilibrium occurs at a potential less than the plasma temperature. Because of
the ~econdaries and backscatter, current balance is effected equally by
dimiaishing the electron and increasing the ions currents. Because the incident
electron spectrum remains Maxwellian, electron generated secondaries and
backscattered electrons remain a constant fraction of the incident current as

-5.
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the spacecraft charges. The ion generated secondaries increase compared
with the incident ion current because the energy of the ions increases as the
spacecraft potential becomes more negative. lon generated secondary
electron yields peak for ion energies of several tens of kilovolts.

3.0,

- e secondary
2.0 - ¢ backscatter
== jon secondary

yield

1.0
yooss - - g
0 1000 2000 3000 4000 $000

energy (eV)

Figure 3. Electron generated secondary electron, backscatter and proton
generated secondary electron yields for kapton.

Photoelectron current densities are about 10-4 A/m2, typically an order of
magnitude greater than incident electron currents, even before secondaries are
taken into account. As a result, in sunlight high negative potentials are rarely
observed on spacecraft. Charging in suniight occurs when the low energy
photoelectrons can't escape from the spacecraft because of potential
barriers12,13. In an intense substorm, spacecraft surfaces shadowed from the
sun slowly charge to thousands of volts negative, while the sunlit surfaces
remain a few volts positive. After some time, a saddle point in the potential
develops in front of the sunlit surfaces. Because the saddle point is driven by
the photoelectron kinetic energy, it's height can never exceed a few volts. All
the surfaces then charge negative at a rate corresponding with differential
charging, typically a few hundred volts per minute. Sunlight charging is a multi
dimensional effect calculable only by models, such.as NASCAP and POLAR,
which solve Poisson’s equation in three dimensions14.

Auroral Charging
The model for enhanced collection described above is generally referred to as
orbit limited current collection. It is appropriate when the potential has a range

larger than the largest impact parameter and is sufficiently well behaved so that
no angular momentum barriers exist. Potentials that vary mare slowly than with
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the inverse of the radius squared satisfy these conditions. At geosynchronous
orbit, the plasma is so thin that little shielding occurs and the spacecraft
potential drops roughly as the inverse of the radius.

Orbit limited collection is not valid at lower altitudes, where the plasma is much
denser. If the spacecraft were to charge negative, the additional ions collected
would shield and thus limit the range of the potential. When the collection
radius is limited by shielding due to the charge of the collected species, space
charge limited collection is the appropriate theory. To model spacecraft
charging in ionospheric plasma with densities greater than about 109 m-3,
space charge limited collection models must be used.

1 00e-6
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Figure 4. Current vs voltage for a kapton sphere in a 5 keV, 106 m-3
Maxwellian plasma. The floating potential is -3640 volts.

The energetic electrons which charge spacecratft in low polar orbit are the same
that generate the aurora borealis. While of similar ongin to substorm electrons
in the magnetosphere, the auroral electron fluxes can be as much as a hundred
times as intense. Some of the enhanced intensity comes from the convergence
of the magnetic field lines as they approach the poles. Measured fluxes can be
fit well using the analytical form suggested by Fontheim et. al.15.

Charging of large objects in polar orbit is determined by the balance of the net
auroral flux and the space charge limited ion flux. That much higher spacecraft
potentials are obtained due to space charge limiting was first predicted in
19806. A comparison between the potentials obtained ignoring space charge
with that including it shows more than an order of magnitude difference. The

-7-
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space charge limited result agrees with observation.
Spacecraft Charging Computer Codes

The NASA Charging Analyzer Program (NASCAP), was the first three
dimensional spacecraft-environment interaction code. NASCAP solves
Poisson's equation for spacecraft potentials due to the accumulation of charge
from the magnetospheric plasma. Asymmetries are introduced by potential
differences between various spacecraft surfaces due to differences in material
response and solar illumination. The surface potential variations create saddle
point barriers which control low energy secondary currents. NASCAP
represents the spacecraft using a restricted constructive geometry technique
with building blocks of cubes and segments of cubes. Because the potentials
vary on a short distance scale near the spacecraft and more slowly far away,
NASCAP zones the space exterior to the satellite using a sequence of nested
finite element grids. The NASCAP code was first used to model the SCATHA
satellite. Since then, NASCAP has been used throughout the world for
spacecraft charging analysis of geosynchronous satellites.

The Air Force Geophysics Laboratory developed POLAR code models the
charging of large, polar orbiting spacecraft. POLAR also calculates the plasma
wake as part of the charging analysis. POLAR zones space using a staggered
grid so that most of the computational space is aligned along the flow direction.
The steady state sheath structure is determined by iterating between Poisson's
equation for potentials and particle tracking for space charge density. The
POLAR wake model has been compared with in situ measurements of the wake
created by the Space Shuttle Orbiter16.

Calculations of auroral electron induced charging of one of the Defense
Meterological Support Program (DMSP) satellites have recently been
compared with measurement. With the assistance of M. S. Gussenhoven, one
of the observed charging electron spectra from December 1383 was fit to the
Fontheim form for use in POLAR. The POLAR caiculation resulted in a
spacecraft potential of -230 volts, in close agreement with the observed
potential of -215 volts. The differences are smaller than the possible sources of
error in such a calculation. The incident electron spectrum is measured using
just a few bins, the spacecraft surface properties change with time in orbit, the
details of the ionic composition are not known that accurately. In general,
differences larger than the 10% shown in this particular case are to be expected
between calculations and observations.

Conclusion
Spacecraft charging is important because it has been shown to cause _
operational upsets on satellites. Whiie of limited importance for small satellites

in low polar orbit, recent data confirms predictions that charging will become
more important as the size of polar orbiting spacecraft increase.
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ABSTRACT

The three-dimensional computer codes NASCAP/LEO and POLAR have been used
to calculate current collection by the mother payload of the Charge-2 rocket under condi-
tions of positive and negative potential up to several hundred volts. For negative bias
(ton collection) the calculations fall about twenty-five percent above the data, indicating
that the ions were less dense, colder, or heavier than the input parameters. For positive
bias (electron collection) NASCAP/LEO and POLAR calculations show similar agree-
ment with the measurements at the highest altitudes. This indicates that the current is
classically magnetically limited, even during electron beam emission. However, the cal-
culated values fall well below the data at lower altitudes. We suggest that beam-plasma-
neutral interactions are responsible for the high values of collected current at altitudes
below 240 kilometers.

39




1. Introduction

For many years electron beams have been operated from spacecraft and rockets o0
study long distance transport of electrons along the earth’s magnetic field (Winckler,
1980). These studies were often compromised by charging of the spacecraft and/or
severe perturbation of its environment as a result of beam operations. The study of these
interactions has proved to be a complex and interesting field in itself,

To analyze a beam charging event, one first asks whether the observations can be
explained by simple, first-order, passive current collection. This turns out to be a
difficult question, since for the relevant conditions (intermediate thickness sheath with
magnetic field) analytic theories exist only for spherical spacecraft. In this paper we
describe the application of the three-dimensional computer codes NASCAP/LEO and
POLAR to calculate charge collection by the highly cylindrical mother vehicle of the
Charge-2 rocket. Calcu.udons and measurements for negative bias (ion coiiection) have
been reported elsewhere (Neubert et al., 1989), and will only be briefly summarized here.
The measurements for positive bias have also been reported previously (Myers er al.,
1989). In that paper the difficulty of assessing the results using theories which apply
only to spheres and infinite cylinders is made apparent. The contribution of this paper is
the interpretation of the positive bias results through the use of codes which correctly
account for the true three-dimensional geometry of this problem.

1.1. The Charge-2 Rocket

The Charge-2 payload was launched on a Black Brant VB from White Sands Mis-
sile Range in New Mexico in December 1985. The payload consisted of mother and
daughter sections which were electrically connected by an insulated tether. The mother
payload was a cylinder of diameter 0.44 m and length 3.26 m; the 0.41 m nose section
was coned down to a diameter of 0.33 m; the total exposed area was 4.68 m2. The
daughter payload was a cylinder of diameter 0.44 m and length 1.62 m.

Negative mother potentials were achieved by applying a potential between the
mother chassis and the tether end. The daughter potential required to collect enough
electrons to balance the ion current to the mother is negligible, so that the mother poten-
tial is equal to the applied potential. To maintain a steady state, the ion current collected
by the mother vehicle must be equal to the tether current, which is easily measured.

Positive mother potentials were achieved by means of electron beam operations.
The electron current collected by the mother is then equal to the beam current less the
tether current.

The mother payload also contained an array of four "PLP" probes located on a
boom at locations 25, 50, 75, and 100 cm from the rocket surface. The intent was to use
these to measure the sheath profile. The 108 @ probe impedance was far too low to do
this in the negative bias case, but should have worked well for positive bias where the
current levels are higher. The rocket potential under positive bias conditions was
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inferred from the PLP probes.

1.2. The NASCAP/LEO Computer Code

NASCAP/LEO (Mandell et al., 1982) is a computer code developed by the S-
CUBED Division of Maxwell Laboratories under contract to NASA/Lewis Research
Center to model the electrostatic interactions of a high voltage spacecraft with a plasma
under conditions commonly encountered in low earth orbit. Because NASCAP/LEQ is
fully three-dimensional, it is able not only to treat the actual spacecraft shape, but also to
account for asymmetries introduced by spacecraft motion and magnetic field effects.

NASCAP/LEO accepts as a geometrical specification a finite element surface model
produced by any of several standard CAD programs. This model is then embedded in a
cubic grid. Within this "primary grid", locally enhanced resolution near small but impor-
tant spacecraft features may be achieved through the use of cell subdivision. To include
a large volume of space about the spacecraft, the primary grid may be nested within suc-
cessive "outer grids”. Each outer grid has the same number of grid points as the next
inner grid, but :wice the physical spacing between the grid points, so that it includes eight
times the volume.

NASCAP/LEO calculates clectrostatic potentials in the plasma surrounding a space-
craft by using finite element and conjugate gradient methods to solve the variational form
of Poisson’s equation. The space charge appearing in Poisson’s equation is represented
as an analytic function of the plasma density and temperature and the local potential and
electric field. This function reduces to linear screening at low potentials, and takes
account of particle acceleration and convergence effects at high potentials.
(NASCAP/LEO does not account for modification of space charge and potential structure
due to magnetic fields.) Boundary conditions at object surfaces may be either specified
potental or specified electric field.

Currents to spacecraft are calculated using the "sharp sheath edge" approximation.
A specified electrostatic potential contour is designated as the sheath surface. Macropar-
ticles are generated to represent the plasma thermal current (modified by spacecraft
motion effects) passing through elements of area of the sheath surface. Each macroparti-
cle is then tracked (in the calculated electric fields and specified magnetic field) until it
impinges on the spacecraft or some other termination condition (e.g., escaping tae grid)
occurs. Thus the total current to the spacecraft and the current distribution over the
spacecraft surface is determined.

NASCAP/LEOQ also contains surface charging algorithms, solar array models, and
hydrodynamic ion models which are not relevant to the subject of this paper.
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1.3. The POLAR Computer Code

POLAR (Cooke et al., 1985) is a computer code developed by the S-CUBED Divi-
sion of Maxwell Laboratories under contract to Air Force Geophysics Laboratory to
model charging of a large spacecraft in the polar auroral environment. Thus POLAR has
an environment model capable of representing the energetic and anisotropic particle
fluxes observed in polar regions. However, the POLAR calculation strategy for this work
did not take advantage of the sophisticated environment model. Rather, POLAR was
used to calculate the current coliected by the spacecraft in a fully self-consistent space
charge field, to augment the NASCAP/LEO results which ignore magnetic field effects
on space charge.

POLAR requires that spacecraft be modeled in a restricted geometry set similar to
that used in the NASCAP/GEO code. This aliows fully three-dimensional modeling for
spacecraft models of modest complexity.

The POLAR grid structure was designed to encompass the wake region behind a
spacecraft. Thus, the cubic grid is made up of a sequence of "bread slices” aligned
approximately normal to the spacecraft velocity. Because the spacecraft velocity may
not coincide with a coordinate direction, the "bread slices" may be staggered in order to
be centered about the spacecraft wake. With this structure, POLAR has neither subdi-
vided grids nor outer grids, but maintains constant resolution throughout the computa-
tional space. Since there is no loss of resolution at the sheath surface, the calculated
current to a spacecraft has less dependence on the choice of sheath boundary potential
than is the case with NASCAP/LEO.

The most important POLAR capability for the present purpose is its ability to use
particle tracking results to modify the space charge calculated by analytic approxima-
tions. Thus, starting from a potential solution based on analytic space charge as in
NASCAP/LEO, POLAR can take account of the modification of particle trajectories by
magnetic fields to calculate self-consistent space charge and potential distributions.

2. Calculations for Negative Bias

Comparison of NASCAP/LEO results to the measured current collected by the
Charge-2 mother payload under negative bias conditions has been published elsewhere
(Neubert er al., 1989). In addition to calculating the total current to the rocket,
NASCAP/LEO did a fairly good job on the more difficult problem of calculating the bias
on the PLP probes operating in their "floating” mode. Figure 1 shows the NASCAP/LEO
model of Charge-2 in the grid, with enhanced resolution in the neighborhood of the PLP
booms.

Here we will take a somewhat different point of view. By forcing NASCAP/LEO to
calculate the correct current for an equivalent spherical model (Langmuir and Blodgest,
1924), we can have confidence that the difference in calculated current between the
sphere and Charge-2 is due to the effects of non-spherical geometry and spacecraft
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motion and not from poor resolution at the sheath boundary. The calculated results will
be compared with the measurements as well. All calculations in this section are done

with the plasma parameters and computational parameters shown in Table 1.

Table 1: Plasma and Computational Parameters

Plasma Density 8x10'° m
Plasma Temperature 0.05ev
Debye Length 0.588 cm.

Electron Thermal Current  4.8x10™ A-m™
Ion [O"] Thermal Current  2.8x10° A-m
Magnetic Field 0

Spacecraft Velocity 0; 580 m-sec”’

Primary Grid Resolution 10.8 cm.
Sheath Boundary Potential ~ (varies)
Charge-2 Mode! Area 4.63 m
Sphere Model Area 4.45m?

The major source of uncertainty in NASCAP/LEO current calculations lies in the
choice of sheath boundary potential. In the common case that the plasma temperature is
very low and many Debye lengths are contained in a computational zone, the optimal
sheath boundary potential will be well above the plasma temperature. The reason for this
follows from the theory of space charge limited current flow. For a plasma of density n
[m] and temperature 8 [eV] the potential a distance Ax in from the physical sheath will
be

®(Ax) = 5.1x10° [(Ax)* 0 n*]'7 .

For the parameters in Table 1, this value is 1.8 volts in the primary grid, 4.5 volts in the
first outer grid, and 11.4 volts in the second outer grid. However, NASCAP/LEO allows
at most an order-of magnitude potential drop per zone due to space charge effects. Thus,
a minimum appropriate choice for the sheath boundary potential is one order-of-
magnitude below ¢(Ax), which is certainly well above the plasma temperature of .05
volts. Experience has shown that a poor choice of sheath boundary potential can lead to
errors of as large as thirty percent in the calculation of collected current.

In this work we have taken care to minimize the uncertainty in the choice of sheath
boundary potential. We have determined the sheath boundary potential required to
obtain the correct (Langmuir and Blodgett, 1924) current to a stationary sphere of area
similar to the Charge-2 model with the same plasma and computational conditions, and
used that sheath boundary potential to calculate the current to the Charge-2 model. The
sheath boundary potential values used ranged from 1.0 volts for the -10 volt cases to 3.4
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volts for the -400 volt cases. By this procedure, we believe the computational error asso-
ciated with choice of sheath boundary potential has been reduced to a few percent at
most.

Table 2 shows the exact current to a sphere of area 4.45 m? and the calculated
currents to the Charge-2 model, using the same sheath boundary potential and taking
account of the spacecraft velocity of 580 m-sec . The effect of spacecraft motion is to
increase the current by ~ 40 percent at low potential, dropping fto ~ 15 percent at high
potential. We have also enhanced the collected current at -400 volts by fifty percent of
the calculated incident ion current to account for secondary electron generation by O”
impact. This process has a threshold at about 200 eV, and a yield of about one-half at
400 eV (Dietz and Sheffield, 1975).

Table 2. Calculated Currents [jLA)
to NASCAP/LEO Sphere and Charge-2 Models

Potential  Sphere Model  Charge-2 Model
v=0 v = 580 m-sec”’
-10 289 52
-20 38.8 68
-50 62.2 98
-100 94 140
-200 148 203
-400 239 457"

a. Includes fifty percent enhancement due to secondary electron emission.

On figure 2 the calculaiions fall above the data by about twenty-five percent. Part
of the discrepancy is due to the presence of a substantial NO* component in the ion
population (Wahl, 1988; Rawer and Bradley, 1987), which lowers the ion thermal
current; a 25 percent NO' component would reduce the collected current by about ten
percent. The remaining discrepancy must be attributed to errors in the ion density value
used in the calculation or to other physical uncertainties. Note that Neubert er al. (1989)
used an ion density of 4x10"° m> and a temperature of 0.1 eV for all calculations.

3. Calculations for Positive Bias

In the case of positive bias (electron collection) the earth’s magnetic field plays a
dominant role in limiting the current collected by a spacecraft. Parker and Murphy
(1967) showed, using conservation of energy and angular momentum, that a bound on
the current collected by a sphere (actually, by a surface of revolution about an axis paral-
lel to the magnetic field) is given by

I<2ma’[ 1+ (8edp/mw’a))” ]
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where a is the sphere radius and @ is the electron gyrofrequency, eB/m. As the Charge-2
cylinder axis was normal to the magnetic field, angular momentum is not conserved so
that the Parker-Murphy bound does not strictly apply. The bound will also not apply in
the presence of ionization, turbulence, or other collisional effects. Nonetheless, it is a
useful guide to whether the earth’s magnetic field is the dominant current limiting
mechanism.

Table 3a gives the environmental parameters and spacecraft potential for the previ-
ously published (Myers ez al., 1989) current measurements, and Table 3b gives the meas-
ured and calculated currents. In all cases, the magnetic field was taken to be 0.4 gauss,
the plasma temperature 0.052 eV, and the NASCAP/LEO sheath boundary potential 3.8
volts (chosen to give the correct sheath-limited current to the equivalent sphere in the
260 km environment). The current collected by the spacecraft is magnetically limited, as
most of the electrons entering the sheath cannot cross enough field lines to be collected.

For the four data points above 240 kilometers, the measured and calculated currents
are in excellent agreement. Note that both exceed the Parker-Murphy bound, indicating
the difficulty of applying a symmetry-requiring theory to a non-symmetric object. (We
would expect a similar, though smaller, effect in calculating magnetically limited current
to the daughter rocket, so that the daughter current under positive bias, shown in Myers et
al. (1989) as lying on the Parker-Murphy bound for the equivalent sphere, is actually
slightly below the correct magnetically limited current.) These data confirm the role of
the magnetic field in limiting the collected current, as the measurements fall far below
the sheath-limited current (i.e., current limited only by space charge effects). The calcu-
lation of magnetically limited current is fairly insensitive to the choice of sheath boun-
dary potential; it increases slightly with the sheath boundary potential.
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Table 3a. Environments for Electron Current Data

Altitude  Potential  Neutral Density'  Plasma Density
(km) [volts] [10"° m™) 10" m?)
165 390 36 0.46
168 150 32 0.48
232 475 6 5.6
251a 560 3.9 8.0
251b 440 3.9 8.5
256 440 3.5 9.0
260 440 3.3 9.3

Table 3b. Calculated and Measured Collected Current [mA]

Altitude  Parker- Measured ~ NASCAPALEO  NASCAP/LEO POLAR
(km]  Murphy® Collected Current  Sheath Current  Self-Consistent
165 0.4 158 0.6 8.3 -
168 0.3 6 0.5 3.5 -
232 5.5 20.4 79 42 -
251a 8.5 12.2 13.0 60 -
251b 8.1 14 129 52 -
256 8.6 15.6 13.5 54 -
260 8.9 18 14.1 55 2

a.  MSIS-86.

b.  Calculated for sphere of radius 0.6 meters.

A POLAR code calculation was done for the highest altitude measurement.
POLAR, after performing a calculation similar to NASCAP/LEO, used particle trajectory
information to obtain space charge densities and electrostatic potentials consistent with
the trajectories in the presence of magnetic field. The POLAR model of Charge-2 was a
right octagonal cylinder with length 3.3 meters and area 4.85 m?, and the code resolution
was 0.14333 meters. The higher, self-consistent space charge densities brought the
sheath surface closer 10 the object surface, resuiting in a fifty percent increase in current
over the non-self-consistent calculation. We expect that the percentage change will be
less for lower ambient plasma densities. This self-consistency effect explains why the
measured current is consistently above the NASCAP/LEO calculated current. It is worth
noting that the POLAR calculated current of 22 mA does fall below the Parker-Murphy
bound (30 mA) for 2 sphere with diameter equal to the rocket length.

The three data points below 240 kilometers clearly show measured currents exceed-
ing the magnetically limited value. At 232 kilometers, the collected current is about dou-
ble that calculated, but well under the sheath-limited current; at 165 and 168 kilometers
the measurement is one to two orders of magnitude above the calculation. Simple
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ionization models are unable to predict any substantial effect within the sheath. We are
forced to conclude that a complex beam-plasma interaction is taking place at these lower
altitudes.

4. Conclusions

Through the use of three-dimensional modeling we are able to make unambiguous
comparison with measurements, in contrast to with theories valid only for symmetric
geometry.

It has been published previously that NASCAP/LEO is able to obtain excellent
agreement between calculated and measured currents under conditions of negative bias.
The effects of non-spherical geometry and of spacecraft motion can be separated. Also,
NASCAP/LEO was able to obtain good values for the biases on the PLP probes.

Because NASCAP/LEO has poor resolution at the sheath surface, an intelligent
choice of sheath boundary potential is necessary to obtain accurate current collection
values. A non-optimal sheath boundary potential will lead to errors of a few tens of per-
cent. By comparison with analytic models in the same computational environment we
obtained computational results with probable accuracy of better than ten percent. By
comparing the computational results for nominal ion parameters with the measurements,
we conclude that errors are due to the presence of an NO™ ion component and probably a
lower ion density than the reported value. The onset of secondary electron emission
above 200 eV must be taken into account.

Under positively biased (by electron beam) conditions, NASCAP/LEO calculations
of magnetically limited current are in good agreement with previously published experi-
mental results at altitudes over 240 kilometers. As the measured currents exceed the
spherical Parker-Murphy bound, it was not clear before these calculations whether simple
magnetically limited collection is adequate to account for the measured currents. These
calculations demonstrate unambiguously that magnetically limited collection was
observed above 240 kilometers. Other mechanisms are needed to explain the observa-
tions at lower altitudes.

As NASCAP/LEO does not treat the modification of space charge by magnetic field
effects, we have run the POLAR code to study the effect of fully self-consistent space
charge on the highest altitude measurement. For this case, fully self-consistent space
charge led to an increase in current of about fifty percent, bringing the calculation into
better agreement with the measurement, and explaining the general trend that the non-
self-consistent calculations lie below the high altitude measurements. As the plasma
density decreases and the sheath lies farther beyond the Parker-Murphy radius, we expect
the difference in space charge treatments to have less effect on the calculated currents.
Note also that the fully self-consistent result is about twenty percent high relative to the
measurement; this is a comparable error to the negative bias results, again suggesting that
the actual densities were below the nominal values.
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In summary, the calculations clearly demonstrate that the published current collec-
tion data above 240 kilometers can be understood in terms of simple, quasi-static sheath
procesces with magaetic liuiting for elecirons. 1he tirree low alutude electron current
measurements lie well above the predictions of such theories and indicate that more com-
plex physical mechanisms are at work.
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Figure Captions
Figure 1. NASTAP/LEO gridding around the Charge-2 model, showing fine resolution

about the PLP booms and halving of resolution in the outer grid.

Figure 2. Ion collection current: points and line: this paper; horizontal error bars: flight
results.
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